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The soft magnetic properties of the nanocrystalline Fe–M–B ~M5Zr,Nb! alloys, which exhibit a
high saturation flux density (Bs) above 1.5 T as well as a high effective permeability (me) above
30 000 at 1 kHz, were found to be improved by adding small amounts of Cu and by optimizing the
chemical composition. The addition of Cu to the alloys decreases the bcc grain size. The excellent
soft magnetic properties ~a high me of 100 000 at 1 kHz combined with a high Bs of 1.53 T! can be
achieved in the region where small grain size, as well as nearly zero-magnetostriction are obtained,
which is attained in the compositional range around Fe84Nb3.5Zr3.5B8Cu1. The soft magnetic
properties can be further improved by low temperature annealing before the crystallization
treatment, probably as a result of a decreased grain size distribution in the crystallized state.
Consequently, the me reaches the maximum value of 120 000 for the nanocrystalline
Fe84Nb3.5Zr3.5B8Cu1 alloy. © 1997 American Institute of Physics. @S0021-8979~97!02206-8#I. INTRODUCTION
Some nanocrystalline Fe based soft magnetic
materials1–4 have been developed by crystallizing the amor-
phous phases prepared by the melt-spinning technique. The
alloys can be classified into two groups. One is composed of
Fe-metalloid based alloys containing elements immiscible
with Fe such as Cu or Au. The alloy systems with the best
soft magnetic properties such as Fe–Si–B–Nb–Cu1,2 and
Fe–P–C–Ge–Cu ~Ref. 3! exhibit a saturation flux density
(Bs) of less than about 1.3 T. The simultaneous addition of
Nb and Cu or Ge and Cu is essential for achieving the nanoc-
rystalline structure which results in excellent soft magnetic
properties. The second group is composed of Fe–M–B ~M
5Zr,Hf,Nb! based alloys.4–8 The a-Fe nanocrystalline struc-
ture consists of 10–20 nm size regions for the alloy systems
even without the immiscible elements such as Cu. These
alloys have Bs values higher than 1.5 T as well as effective
permeabilities (me) at 1 kHz greater than about 30 000.5
However, we have previously reported that a small addition
of Cu to a Fe87Zr7B6 alloy decreases the a-Fe particle size
and distribution and improves the soft magnetic properties.6
In this work, we have investigated the effect of Cu ad-
ditions on the soft magnetic properties and structural homo-
geneity for the more typical Fe90Zr7B3 and Fe84Nb7B9 ter-
nary alloys.7 The resulting improved soft magnetic properties
of the nanocrystalline Fe–M–B–Cu alloy was optimized by
varying the chemical composition and the heat treatment.
II. EXPERIMENTAL PROCEDURE
The single-roller melt spinning method was used to pro-
duce rapidly solidified ribbons with 13 mm width and 20–25
mm thickness. An annealing treatment at 573 K for 1 h in a
vacuum was applied to as-quenched samples, and then the
as-quenched and the annealed samples were then crystallized2736 J. Appl. Phys. 81 (6), 15 March 1997 0021-8979/97
Downloaded¬29¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬subjeat 773–923 K for 30 min. The primary crystallization tem-
perature, as determined by differential thermal analysis, was
740–780 K at a heating rate of 0.17 K/s.
The average grain size (Gs) was determined by using
Scherrer’s equation9 from the half-width of the bcc ~110!
x-ray diffraction peak. The broadening of the diffraction line
due to the width of the x-ray source was removed by War-
ren’s method.9 The saturation flux density (Bs) at a maxi-
mum applied field of 800 kA/m was measured with a vibrat-
ing sample magnetometer using disk-shaped samples 6 mm
in diameter. The effective permeability (me) under an ap-
plied field of 0.4 A/m and coercive force (Hc) using a maxi-
mum applied field of 800 A/m were measured using ring-
shaped samples with a 6 mm inner diameter and a 10 mm
outer diameter and with a vector impedance analyzer and a
low frequency B–H loop tracer, respectively. Saturation
magnetostriction (ls) using an applied field of 40 kA/m was
measured by a strain gage technique using disk-shaped
samples 10 mm in diameter. Microstructure was observed by
a transmission electron microscope. All measurements were
carried out at room temperature.
III. RESULTS AND DISCUSSION
Figure 1 shows the variation of Bs , Hc , me at 1 kHz,
ls and Gs as a function of Cu content for the
Fe90-aZr7B3Cua and Fe84-aNb7B9Cua alloys crystallized un-
der the optimum heat treatment of 773–923 K for 30 min
without the low temperature annealing treatment. In this ar-
ticle, the optimum heat treatment temperature, which varies
with the alloy composition, means the temperature where
me at 1 kHz shows a maximum. The Bs values for both alloy
systems gradually decreases with increasing Cu content. For
the FeNbB alloy the Hc and me values are not improved by
the Cu addition, presumably because of the combined effect
of the decrease in Gs and the increase in ulsu. On the other/81(6)/2736/4/$10.00 © 1997 American Institute of Physics
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hand, for FeZrB alloy the Hc and me values are significantly
improved, presumably because of the combined effect of the
decrease in Gs and ulsu.
Figure 2 shows the pseudo-ternary diagram of me ~solid
lines!, Bs ~broken lines!, ls ~dot-dotted lines!, and Gs ~dot-
ted lines! values for Fe~Zr,Nb!BCu alloys, where the Nb1Zr
and Cu contents were kept at 7 at. % and 1 at. %, respec-
tively, and crystallized under optimum conditions without
the low temperature annealing treatment. The Bs , ls , and
Gs of Fe~Zr,Nb!BCu alloys show intermediate values be-
tween those of the FeZrBCu and FeNbBCu systems. The
ls and Gs values depend on both the B content and the
Zr/Nb ratio, whereas the Bs values depend mainly on the Fe
content. The me reaches a maximum value of around
100 000 for the Fe84Nb3.5Zr3.5B8Cu1 alloy, which simulta-
neously has the small a-Fe grains ~about 8 nm! and nearly
zero-magnetostriction.
The effect of Gs and ls on the soft magnetic properties
of the nanocrystalline Fe~Zr,Nb!BCu alloys was studied in
detail. Figure 3 shows the variation in me and Hc as a func-
tion of Gs and ls for the nanocrystalline Fe~Zr,Nb!B
and Fe~Zr,Nb!BCu alloys. Various Fe~Zr,Nb!B and
Fe~Zr,Nb!BCu alloys are plotted and contour lines of me and
Hc are drawn in the figure. The me and Hc are found to
strongly depend on Gs and ls for the alloys. The highest
me and the lowest Hc are achieved in the region where small
Gs as well as nearly zero ls are obtained, which is attained
FIG. 1. Changes of ~a! Bs , ~b! Hc , ~c! me , ~d! l s , and ~e! Gs as a function
of Cu content for Fe842aNb7B9Cua and Fe90-aZr7B3Cua alloys crystallized at
an optimum heat treatment of 773–923 K for 30 min without low tempera-
ture annealing.J. Appl. Phys., Vol. 81, No. 6, 15 March 1997
Downloaded¬29¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬subjein the compositional range around Fe84Nb3.5Zr3.5B8Cu1.
In order to further improve the soft magnetic properties,
a low temperature annealing treatment prior to the crystalli-
zation treatment was applied to the Fe84Nb3.5Zr3.5B8Cu1 al-
loy. The optimum low temperature annealing temperature for
achieving soft magnetic properties after the crystallization
treatment was determined to be 573 K. Figure 4 shows the
change in ~a! Bs , ~b! me and ~c! Hc as a function of crystal-
FIG. 2. Pseudo-ternary diagram of me , Bs , ls , and Gs for Fe~Zr,Nb!BCu
alloys crystallized under optimum conditions without low temperature an-
nealing. The closed circles indicate the examined compositions in this work.
The lines are to guide the reader’s eye.
FIG. 3. Changes of ~a! me and ~b! Hc as a function of Gs and ls for
Fe~Zr,Nb!B and Fe~Zr,Nb!BCu alloys crystallized under optimum condition
without low temperature annealing.2737Makino et al.
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lization treatment temperature for the as-quenched and the
annealed Fe84Nb3.5Zr3.5B8Cu1 alloys. Judging from the Bs
values when crystallization treatment temperature (Ta) was
773 K for the alloys in Fig. 4~a!, it is seen that the low
temperature annealing accelerates the structural change from
the amorphous to bcc phase. The me and Hc in the annealed
alloys are considerably superior to those in the as-quenched
alloys for the Ta range of 773–813 K. The difference in
me and Hc for the two thermal treatments cannot be ex-
plained by the difference in Gs and ls values, since they are
almost the same as those shown in Fig. 4~b!. The difference
in me and Hc between the samples crystallized at 773 K is
presumably due to the difference in the volume fraction of
the residual intergranular amorphous phase. This appears to
be supported by the Bs values. The volume fraction of the
amorphous phase in the as-quenched samples is likely to be
considerably higher than in the annealed samples. It has been
reported8 that the magnetic exchange coupling between the
a-Fe nanocrystals via the residual amorphous phases is nec-
essary to obtain the soft magnetic properties. The exchange
coupling must be strong to obtain a high Curie temperature
(Tc) and the small volume fraction (V f) of the residual
amorphous phase would allow a shorter interaction length
between the nanocrystals. Thus we can conjecture that the
difference in me and Hc is probably caused by the difference
in the V f of the residual amorphous phase between the alloys
crystallized at 733 K.
On the other hand, when crystallization is performed at
the temperature range of 793–813 K, the V f of the residual
amorphous phase is small judging from the Bs values. Earlier
FIG. 4. Crystallization treatment temperature dependence of ~a! Bs ~b!
me , and ~c! Hc for as-quenched and annealed Fe84Nb3.5Zr3.5B8Cu1 alloys.2738 J. Appl. Phys., Vol. 81, No. 6, 15 March 1997
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tribution of the a-Fe grain size for the Fe90Zr7B3 alloy. The
size distribution is considered to have an effect on the soft
magnetic properties; a narrow distribution yields soft mag-
netic properties. Figure 5 represents the nanocrystal size dis-
tribution. These data were obtained by measuring the grains
using dark-field electron micrographs for samples crystal-
lized at 813 K. The distribution in the annealed sample is
found to be significantly smaller than that in the as-quenched
sample. The me reaches the maximum value of about
120 000 for the nanocrystalline Fe84Nb3.5Zr3.5B8Cu1 alloy
annealed and crystallized at 793–813 K.
Figure 6 shows high-resolution electron micrographs of
samples ~a! at an as-quenched state and ~b! annealed at 573
K. Figure 6~a! reveals a typical amorphous structure, how-
ever some atomic medium range ordering ~MRO!10 domains
below 3 nm in size are observed in the annealed sample, Fig.
6~b!. Recalling Fig. 5, it can be assumed that these MRO
domains have a role in promoting a narrow size distribution
after the crystallization.
FIG. 5. Grain size distribution evaluated by counting the grains in dark-field
electron micrographs for ~a! as-quenched and ~b! annealed
Fe84Nb3.5Zr3.5B8Cu1 alloys after crystallization at 813 K for 30 min.
FIG. 6. High-resolution electron micrographs of ~a! as-quenched and ~b!
annealed Fe84Nb3.5Zr3.5B8Cu1 alloys MRO domains are indicated by the
circles.Makino et al.
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IV. CONCLUSIONS
The addition of small amounts of Cu to the Fe–M–B
alloys decreases the a-Fe grain size. The excellent magnetic
properties (me 5 100 000 at 1 kHz as well as Bs 5 1.53 T! can
be achieved in a region where small Gs as well as nearly
zero ls are obtained, which is attained in the compositional
range around Fe84Nb3.5Zr3.5B8Cu1. The low temperature an-
nealing before crystallization treatment decreases the width
of the grain size distribution and consequently improves the
soft magnetic properties. me at 1 kHz reaches the maximum
value of 120 000 for the Fe84Nb3.5Zr3.5B8Cu1 alloy.
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